Distributed differential space-time spreading for the asynchronous relay aided interference-free cooperative CDMA uplink by Sugiura, Shinya et al.
3
Here, N
SRk
n (q) is a Gaussian distributed complex variable having a
zero mean and a variance of N0k.
Let us then S/P convert the despread symbols ¯ d
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n (q) to generate
the block-indexed vector d
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n (i),¢¢¢,d
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T with
the aid of the relation d
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n (4i+l¡1). Furthermore, the
time domain waveform of the despread symbols d
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Finally, the kth relay constructs the following STS-related signals
y
k
n(t) with the aid of the STS mapping and the spreading blocks of
Fig. 1, which are given by
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with the aid of the normalization factor αk =
√
1
PSσ2
k+N0k, where
σ
2
k represents a variance of the kth source-relay channel. As a
result of the quasi-simultaneous cooperative transmission of the STS
codeword of Eqs. (7)–(10), the corresponding received symbols at
the destination node r
RD(t) can be expressed as
r
RD(t)=
N ∑
n=1
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n(t ¡ τnk)e
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where φ
RDk
n = θ
RDk
n ¡ 2πfcτnk and nRD(t) has a zero mean and
a variance of N0D. Note here that Eq. (11) represents the waveform
superimposition of the 4N asynchronous relay nodes, corresponding
to the N STS codewords.
III. CDSTS DETECTION ALGORITHM
At the destination node of Fig. 1, the symbols transmitted from
the nth source node are detected in a low-complexity manner based
both on the direct source-destination link and on the relay-destination
links, so that a high diversity gain is achieved without any CSI
estimation.
First, the signals received at the broadcast phase r
SD(t) in Eq. (3)
are despread similarly to Eq. (4), which is expressed as
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where we have the MUI-related component J
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For simplicity of the treatment, the despread symbols ¯ d
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rearranged at the detector into the following vectorial form
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with the aid of the symbol-to-block transformation d
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,
and the corresponding MUI component J
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n (i) and the noise com-
ponent N
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n (i) are as follows:
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According to [11], let us denote the rearranged vectorial form of the
despread signals as follows:
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where we have X = SD or RD. Finally, based on Eqs. (19)–(22), the
detector evaluates
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where the operator <[²] indicates the real part of ² and Jn(i)
represents the MUI-related term, originated from Eqs. (5), (13) and
(17), while Nn(i) is the AWGN-related term obeying Eqs. (6),
(14) and (18). Finally, the symbols a
l
n(i) are detected by the low-
complexity hard decision decoder evaluating Eq. (23). It can be
seen from Eq. (23) that if the multiuser interference is efﬁciently
suppressed, our system may beneﬁt from a maximum diversity order
of ﬁve.
IV. BASIC PROPERTIES OF LS CODES
As represented by the term Jn(i) in Eq. (23), the attainable
performance of our CDSTS system is affected by the MUI, therefore
dependent on the spreading codes employed. In order to mitigate the
performance degradation due to the MUI, we employ LS codes [12]
as the spreading codes in our CDSTS system, which exhibit a so-
called IFW, where the off-peak aperiodic auto-correlation values as
well as the aperiodic cross-correlation values become zero, resulting
in zero ISI and zero MAI, provided that the maximum delay of the
asynchronous transmissions is within the width of the IFW.
Here we only highlight the basic characteristics and the parameters
of the LS codes employed, since the design of LS codes was detailed
for example in [10] and in the references therein. To be speciﬁc, LS
codes are constructed with the aid of a (PLS £ PLS)-dimensional
Walsh-Hadamard matrix as well as an orthogonal complementary
code set of length NLS. More speciﬁcally, by inserting W0 zeros both
at the beginning and in the center of the complementary code pair,
we can generate PLS LS codes having an IFW of minfNLS¡1,W0g
chip durations, where the corresponding code length of the LS codes
is L = NLSPLS + 2W0. According to [10], the parameter-based
notation of LS codes is given by LS(NLS, PLS, W0).
On the other hand, a particular drawback of LS codes is that they
have a limited code set. For example, consider the set of LS codes
LS(NLS, PLS, W0) = (4, 8, 3), having an IFW of W0 = 3 chip
durations and the code length of L = NLSPLS + 2W0 = 38 chips.
In this case the corresponding number of LS codes becomes as low as
PLS = 6, while that of the Gold codes having a similar code length
of L = 31 chips is 33. Therefore, considering the employment of
LS codes in a practical system, it is generally beneﬁcial to combine
DS-CDMA using LS codes with other multiple access schemes. For
example, we may combine LS-code based CDMA with Frequency
Division Multiple Access (FDMA), Time Division Multiple Access
(TDMA) and Spatial Division Multiple Access (SDMA). For this
reason, a hybrid TD-CDMA based channel allocation scheme is
employed in our LS code-aided CDSTS system, which is reminiscent
of the TDMA/CDMA philosophy of the 3G systems [12].
V. PERFORMANCE AND DISCUSSION
In this section we provide performance results in order to character-
ize our CDSTS system, which are then followed by our discussions,
including our future studies and challenges. We consider a BPSK-
modulated CDSTS system supporting N = 4 source nodes, each of
which is supported by NR = 4 source-speciﬁc relay nodes that are
allocated prior to communications. The synchronization delays τn of
the source nodes and those of the associated kth relay nodes τnk are
uniformly distributed in [0, τmax], where τmax is the maximum delay
value, ranging from 0 to 7Tc in our simulations. We assumed that
the source-destination and the relay-destination channels were non-
dispersive Rayleigh fading channels, while the source-relay channels
were either Rayleigh fading or perfect channels. We note here that
the term ‘perfect channel’ indicates a lossless channel, leading to the
ideal relaying performance in the context of the decode-and-forward
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Fig. 2. Achievable BER performance of our CDSTS system in frequency-ﬂat
fading channels for the maximum delay values ranging from τmax = 0 to
7Tc, comparing (a) LS codes and Gold codes and (b) our CDSTS scheme
and Jing’s CDSTC scheme [6].
scheme. As mentioned above, LS codes are employed as our DS-
CDMA spreading codes, where the source nodes have the LS codes
of LS(NLS, PLS, W0) = LS(8,4,7), while the relay nodes employ
LS(NLS, PLS, W0) = LS(8,16,7), indicating that the corresponding
width of the IFW is 7Tc. For instance, assuming that the system has
a chip rate of 1.2288 Mchips/sec, the width of the IFW becomes 7Tc
= 5.7 µs. Furthermore, the power allocated to the souce and to the
relay nodes was set to PS = PR = 0.5, as suggested in [6].
Fig. 2(a) shows the achievable BER performance of our CDSTS
system in conjunction with the different maximum delay values of
τmax = Tc, 2Tc, 4Tc and 7Tc, where the source-relay channels
were assumed to be perfect. In addition to the above-mentioned LS
codes, Gold codes are also considered as spreading codes in order
to show the effects of diverse spreading codes on the achievable
performance, noting that Gold codes constitute well-known spreading
code having relatively good asynchronous cross-correlation properties
[2]. Furthermore, we also characterized the non-cooperative differen-
tial transmission scenario associated with PS = 1, where the source
nodes communicate with the destination node without relying on any
cooperating nodes. Observe in Fig. 2(a) that regardless of the maxi-
mum delay values τmax, the LS code-based CDSTS system attained a
high diversity gain, outperforming the non-cooperative scenario. This
implies that the MUI-induced degradations are overcome by the LS
code’s IFW. On the other hand, it can be seen that the performance
of the Gold code-based CDSTS system is seriously deteriorated by
the effects of synchronization errors. In fact, the performance became
even worse than that of the non-cooperative system.
Fig. 2(b) compares our CDSTS with the CDSTC benchmarker
presented by Jing and Jafarkhani [6], which employs a TDMA-
based orthogonal channel allocation scheme. Therefore, unlike the
TD-CDMA based channel allocation scheme of our CDSTS, Jing’s
CDSTC arrangement does not cause any MUI, although the relay
nodes’ asynchronous nature was not taken into account. We assumed
in Jing’s CDSTC benchmark scheme that the symbol duration was Tc
and a (4£4)-element real-valued square system-matrix contained the
orthogonal codes [6] employed for the STC scheme, while employing
the ML detector at the destination node. Additionally, since the
direct source-destination link was not considered in the benchmark
system [6], the source-destination link in our CDSTS system was
also ignored in order to enable a fair comparison, although this gives